Abstract Pediatric dialysis patients are at risk of nutritional illness secondary to deficiencies in water-soluble vitamins and trace elements. Unlike 25-OH vitamin D, most other vitamins and trace elements are not routinely monitored in the blood and, consequently, the detection of any deficiency may not occur until significant complications develop. Causes of vitamin and trace element deficiency in patients on maintenance dialysis patient are multifactorial, ranging from diminished nutritional intake to altered metabolism as well as dialysatedriven losses of water-soluble vitamins and select trace elements. In this review we summarize the nutritional sources of key water-soluble vitamins and trace elements with a focus on the biological roles and clinical manifestations of their respective deficiency to augment awareness of potential nutritional illness in pediatric patients receiving maintenance dialysis. The limited pediatric data on the topic of clearance of watersoluble vitamins and trace elements by individual dialysis modality are reviewed, including a brief discussion on clearance of water-soluble vitamins and trace elements with continuous renal replacement therapy.
Introduction
Pediatric patients with end-stage renal disease (ESRD) on maintenance dialysis [e.g., hemodialysis (HD) and peritoneal dialysis (PD)] risk developing vitamin and trace element deficiencies, despite a strong focus on nutritional adequacy in this patient population. The development of nutritional illness due to vitamin and trace element deficiency is often multifactorial in nature. Children with ESRD on dialysis have decreased appetite and lower spontaneous food intake than children not requiring dialysis [1] , as appetite often declines concomitantly with decreasing glomerular filtration rate [2] . Increased dialysate losses of water-soluble vitamins and higher metabolic needs compound the potential for vitamin deficiencies [3, 4] . The risk of nutritional illness is heightened for pediatric patients with an acute on chronic illness associated with hypercatabolic states, increased caloric needs requiring exclusive parenteral nutrition, and/or accelerated protein clearance in the setting of more aggressive renal replacement therapy needs, such as daily hemodialysis requirements or continuous renal replacement therapy (CRRT).
Specific pediatric guidelines for monitoring vitamin and trace element levels are lacking, as are standardized protocols for correcting deficits when they do occur, leaving these patients at risk to develop deficiencies of key nutrients required for optimal growth, development, and cellular metabolism. Given the lack of routine laboratory monitoring, the clinical presentation of nutritional illness may be masked by the medical comorbidities and somatic effects of ESRD experienced by the dialysis patient. Individual assessment and nutritional prescription, in partnership with a skilled renal dietician, are required for optimal nutritional care.
In this review we describe key water-soluble vitamins and trace elements for children on dialysis with a focus on (1) nutritional sources and risk of deficiency, (2) clinical manifestation of deficiency, and (3) clearance of vitamin and trace elements by dialysis modality. The evidence summarized here represents the limited pediatric literature availablemostly single-center studies published before 2000-and thus is largely derived from adult data.
The medical complexity and the risk for nutritional illness within the pediatric dialysis patient population is highlighted with the following, representative clinical vignette:
Clinical vignette A 13-year-old male on maintenance hemodialysis developed new-onset, fluid-unresponsive intradialytic hypotension. Other symptoms included tremulousness, disorientation, ataxia, and garbled speech. His past medical history included recent bone marrow transplant and prolonged requirement for exclusive parenteral nutrition due to severe graft-versus-host disease of his gastrointestinal tract. Extensive laboratory evaluation revealed an elevated serum lactate level of 12.6 mEq/L without acidosis. No sources of infection, cardiac dysfunction, or cerebrovascular disease were identified. He was eventually found to have severe thiamine deficiency due to inadvertent lack of thiamine in his parenteral nutrition. Further study of his medical history revealed that the patient had been non-adherent with prescribed vitamin B supplementation during the same time period. Both the elevated serum lactate level and neurological symptoms quickly resolved within 24 hours of administration of parenteral thiamine.
This clinical vignette illustrates new-onset Wernicke encephalopathy secondary to thiamine deficiency. This dialysis patient was at high risk for nutritional deficiency due to his non-adherence with water-soluble vitamin supplementation and exclusive dependence on parenteral nutrition. The diagnosis of nutritional illness was initially delayed as his symptoms of hypotension and elevated lactate level suggested the more commonly considered diagnoses in ill pediatric dialysis patients (e.g., sepsis). This vignette highlights the need for increased awareness of the risk factors and effects of watersoluble vitamin and trace nutrient deficiencies in pediatric patients on dialysis.
Vitamin and trace element nutritional sources and deficiency risk Overview
Vitamins are organic substances that cannot be synthesized by the human body. Their functions are essential for normal human metabolism. The water-soluble vitamins at the highest risk of becoming deficient in the maintenance dialysis (both HD and PD modalities) population include thiamine (B1), pyridoxine (B6), folate (B9), and vitamin C (ascorbic acid). Trace elements, such as zinc and selenium, are mineral substances that constitute <0.01% of the total human body weight. Daily requirements in adults are in the range of 1-100 mg/day [5] . Intact renal function is required for trace mineral homeostasis.
To date, there have been no randomized controlled trials examining the intake and/or needs of vitamins and trace elements in pediatric chronic kidney disease (CKD) or ESRD populations, with the consequence that there is an absence of data on ideal vitamin and trace element intakes in infants and children with advanced renal disease, in contrast to welldefined standards for healthy children. The National Kidney Foundation Kidney Disease Outcomes Quality Initiative (NKF-KDOQI) Clinical Practice Guidelines for Nutrition in Children with CKD detail daily vitamin and trace element needs based on data from the general pediatric population [6, 7] . It is suggested that pediatric dialysis patients receive a water-soluble vitamin supplement such that the combination of enteral nutrition and supplemental vitamin provision meet age-and gender-based values for daily recommended intake (DRI) accepted in the general pediatric population (see Table 1 ) to reduce the risk for the development of adverse health-related conditions associated with vitamin deficiency [5, 6] .
Some pediatric dialysis patients who meet daily caloric goals through a combination of general diet and/or enteral formula supplements could actually meet or exceed the recommended 100% DRI for individual vitamins and trace elements through the use of adult multivitamin preparations. Such preparations are occasionally given to children on dialysis due to the paucity of commercially available, dialysisspecific multivitamin supplement options available for pediatric use [8, 9] . Care should be taken not to greatly exceed 100% of the DRI for vitamin and trace element intake due to the potential for toxicity with supplementation on dialysis. Furthermore, collaboration with and frequent evaluation by a renal dietician should occur to evaluate the total dietary intake, including vitamin supplementation, to ensure the adequacy of vitamin provision. The vitamin and trace element content of commonly used renal formulas is compared in Table 2 .
Natural dietary sources of water-soluble vitamins and key trace elements are found in foods such as fruits, legumes, red meat, and dairy, all of which may be limited in the ESRD population on dialysis due to their high potassium and phosphorus contents. Reduced oral intakes related to stringent dietary and fluid modifications, combined with losses through dialytic clearance [10] , create the potential for nutrient deficit or depletion.
Dietary sources of thiamine include lean pork, legumes, and enriched cereals. Data from adult PD patients suggests that spontaneous intakes of thiamine, as well as of pyridoxine, appear to be largely related to a reduction in enteral intake in parallel with progression of renal disease [11] . In a truly thiamine-free diet, intrinsic body stores are sufficient for approximately 10 days prior to development of mild thiamine deficiency, with symptoms of severe thiamine deficiency manifesting at 14-20 days [12] . Basal thiamine requirements are increased in patients with a high metabolic rate (e.g., sepsis) or high carbohydrate intake such as, for example, special populations receiving a dextrose-based, parenteral nutrition formula [13, 14] due to the requirement for thiamine in essential carbohydrate metabolism. In addition, the presence of protein energy wasting is a risk factor for effective thiamine deficiency given that thiamine is extensively protein bound [15] .
Green vegetables, fruits, grains, cereals, and liver are natural dietary sources of folate. In contrast to dietary thiamine and pyridoxine, exogenous (supplemented) folate is better absorbed than naturally occurring folate [5] . Even healthy pediatric patients without kidney disease may have inadequate dietary folate intake if their diets are lacking in fruits and vegetables [16] . For patients on dialysis experiencing medically necessary dietary limitations, the risk for profound folate deficiency is significant [17] . This risk may, however, be attenuated with receipt of goal enteral nutrition in combination with a water-soluble multivitamin [9] . Concern for folate deficiency in the dialysis patient should also prompt dietary and clinical evaluation for pyridoxine deficiency, as folate metabolism requires pyridoxine as a co-enzyme.
Bananas and dairy products are two rich sources of pyridoxine although these are respectively rich in potassium and Content value of individual formula can be compared to percentage daily recommended intake needs for patient age and gender as seen on Table 1 a Denotes a formula often used in adult dialysis populations but can be utilized in the pediatric setting as indicated by nutritional needs The recommended daily allowances (RDA) are given in bold font, and adequate intakes are given in standard font
Pediatr Nephrol (2018) 33:1133-1143 phosphorus. Alternative sources of pyridoxine include fortified cereals, eggs, and fish. Even for pediatric dialysis patients receiving goal enteral nutrition, pyridoxine intake may be 40% less than the DRI without vitamin supplementation [9, 18] . Pyridoxine metabolism functionally requires zinc as a cofactor, and symptomology of pyridoxine deficiency may be exacerbated by comorbid zinc deficiency in the dialysis patient. Vitamin C deficiency in the maintenance dialysis patient may arise due to dietary restrictions in foods containing vitamin C, such as citrus fruits, that are also likely to contain high levels of potassium, and be further compounded by dialytic losses of vitamin C and heightened catabolism of vitamin C in inflammatory states associated with dialysis dependence [19] . Adult continuous ambulatory PD (CAPD) patients receiving inconsistent enteral nutrition may have vitamin C intakes that are lower than the DRI [11] , and estimated plasma vitamin C levels can be as low as those observed in malnourished, nondialysis patient populations meeting a clinical diagnosis of scurvy (<10 μM) [20] . Conversely, infants on continuous cycling PD receiving appropriate enteral formulas will typically meet 100% of the DRI of vitamin C, with total intake approaching 180% if additional vitamin C supplementation is also provided [9] . Toxicity associated with vitamin C excess includes the potential for significant systemic secondary oxalosis. Oligoanuric ESRD patients are at greater risk for over supplementation as vitamin C is normally excreted via the urine and may not be cleared adequately with dialysis to account for excessive supplementation. Balancing the lack of evidence for vitamin C supplementation in the dialysis population and the known risks associated with excess [21, 22] , current NKF-KDOQI guidelines suggest that combined dietary and supplement intake for the pediatric dialysis patient should not significantly exceed the DRI [6] .
The main source for trace element intake is the diet. Highprotein food sources, including poultry, eggs, meats, and whole grains, are rich in zinc. Zinc deficiency has been rarely described in otherwise healthy, exclusively breast-fed infants whose mothers have diets lacking in good sources of zinc [23, 24] ; thus, general maternal nutrition should be a clinical consideration for infants on dialysis receiving breast milk feeds as a primary source of nutrition. Zinc content may vary by formula type. For example, among infant formulas, phytates found in soy-based formulas bind zinc, such that all soybased formulas offered to infants on dialysis should be fortified with zinc [25, 26] .
Selenium deficiency classically occurs in populations living in areas with low levels of selenium in the water and soil and in patients requiring long-term parenteral nutrition who receive inadequate or no selenium supplementation [27] . Primary food sources of selenium include seafood, meats, and whole grains, as well as local water sources. For the youngest ESRD patients, consideration should be given to selenium content based on formula type. Soy-based formulas provide less selenium than formulas based on cow's milk (typically range is 0.2-0.6 μg/100 mL soy-based formula vs. 0.8-1.2 μg/100 mL cow's milk); similarly, the content of selenium in breast milk is variable according to the selenium dietary intake of the mother, but it may be up to 1.5 μg per 100 mL [5] .
Clinical features of vitamin and trace element deficiency Water-soluble vitamins
Of the water-soluble vitamins, thiamine deficiency has the highest potential to lead to the most dramatic clinical features. Thiamine plays a pivotal role in carbohydrate metabolism as a coenzyme for the conversion of pyruvate to acetyl coenzyme A ( Fig. 1; [28] ). In acute thiamine deficiency, pyruvate accumulates and is metabolized to lactate without accompanying acidosis [29] .
Early symptoms of mild thiamine deficiency may be vague, such as irritability, fatigue, anorexia, peripheral neuropathy, sleep disturbance, and depression. Unfortunately, the clinical diagnosis of thiamine deficiency in a chronically hospitalized patient on dialysis may be delayed if symptoms are mistaken for the more common differential diagnoses, such as sepsis, seizure, or cerebrovascular injury [30, 31] . Severe thiamine deficiency manifests as Bdry Beriberi^with presentation of Wernicke encephalopathy as characterized by the triad of confusion, ophthalmoplegia, and ataxia. The clinical syndrome is further expanded with presentation of confabulation Fig. 1 Thiamine requirements in the metabolic pathways of glucose and amnesia, clinically termed Korsakoff syndrome. Thiamine deficiency may also lead to diastolic cardiac dysfunction manifesting in edema and peripheral vasodilation, known as Bwet Beriberi.^Recurrent episodes of Wernicke encephalopathy in dialysis patients may be more likely in those who have had a prior episode, even in those with laboratory evidence of replete of thiamine stores and receiving prophylactic thiamine supplementation [30, 32] .
Diagnosis of thiamine deficiency can be made via clinical symptomatology and laboratory evaluation using whole blood thiamine testing to quantitate the active form of thiamine (thiamine diphosphate) as an indicator of total body thiamine status. If clinical evidence of thiamine deficiency exists, repletion should be initiated prior to waiting the result of laboratory whole blood thiamine stores. Magnesium is a necessary component for the conversion of thiamine into thiamine pyrophosphate [33] . Thus, thiamine replacement for suspected severe thiamine deficiency should occur with the replacement of magnesium as indicated.
Hematological abnormalities are hallmark clinical features of folate and pyridoxine deficiency. Folate is the dietary form of folic acid (B9). Folic acid (B9) functions as a necessary enzymatic cofactor in the synthesis of purine and thymidine nucleotides critical for red blood cell formation [34] . Pyridoxine (B6) is one of three derivatives of the pyridine ring: pyridoxine, pyridoxal, and pyridoxamine. Pyridoxine is a critical coenzyme for erythrocyte transaminase activity, influencing the stability and affinity of oxygen to hemoglobin polymers [35] . Sideroblastic anemia due to severe pyridoxine deficiency has been reported as a rare dialysis complication in adults [36] . Additional clinical features of pyridoxine deficiency include glossitis, cheilosis, and angular stomatitis. Folate deficiency may manifest as erythropoietin resistance in pediatric hemodialysis patients; improvement in serum hemoglobin and reduction in erythropoietin requirement occurs following folate provision [37] . Concern for erythropoietin resistance, in conjunction with megaloblastic anemia, should prompt evaluation for folate deficiency. Severe deficiencies of folate and pyridoxine may lead to seizures, mental status changes, chronic abdominal cramping/discomfort, nausea, and/or diarrhea.
Adequate folate and pyridoxine stores are required for the conversion of homocysteine to methionine [38] . Hyperhomocysteinemia is a well-known complication of ESRD with associated adverse cardiovascular outcomes. Pyridoxine and folate are thought to play key roles in the metabolism of plasma homocysteine. Large-scale clinical trials in adult dialysis and CKD literature have examined the potential effects of folate and pyridoxine supplementation on the reduction of plasma homocysteine to improve cardiovascular morbidity and mortality; however, no large trial has yet demonstrated a long-term survival benefit from folate supplementation despite an absolute reduction in homocysteine level [39, 40] . While the impact of folic acid supplementation and its benefit on cardiovascular outcomes in both adult and pediatric dialysis populations are unknown, the current body of pediatric dialysis literature provides support for supplementation with 2.5-5.0 mg per day of folic acid in the setting of hyperhomocysteinemia [6, 41] .
Vitamin C is an abundant plasma and intracellular antioxidant vitamin and is required as a critical co-factor for prolylhydroxylase and lysyl-hydroxylase in the synthesis of collagen [42, 43] . This antioxidant vitamin also plays a key role in the prevention of chronic disease-related anemia in the ESRD population through increased absorption and utilization of dietary non-heme iron [44] , facilitation of erythropoiesis, and enhanced red blood cell stability [45] . The clinical manifestations of vitamin C deficiency may initially be subtle and confused with complaints of chronic uremia (i.e., weakness, malaise, fatigue, minor bleeding). One recent clinical case report describes clinical diagnosis of scurvy in a pediatric PD patient-including long-bone changes, gingival hyperplasia and bleeding, perifollicular hemorrhage, and bloody dialysate-with full clinical resolution of symptoms following appropriate oral vitamin C supplementation [46] . Aggressive enteral and/or parenteral iron repletion should be provided in cases of suspected vitamin C deficiency in the dialysis patient given the high likelihood of coexisting, profound iron deficiency anemia.
Trace elements
Zinc is an essential element required for cellular processes across the spectrum of normal cell growth and proliferation, repair, transport, and immune function [47] . Zinc has the ability to form tight structural bonds to maintain protein structure such as, for example, the zinc finger proteins that interact with DNA, as well as to maintain nuclear stability and histone structure [48] . Up to 78% of adult patients on HD may be zinc deficient [49, 50] . Inadequate zinc levels in adult HD populations have been shown to be independent predictors of both mortality and infection requiring hospitalization [51] . Mild to moderate nutritional zinc deficiency is associated with nonspecific signs and symptoms, including anorexia, dysgeusia, and a reduced ability to protect against oxidative stress, all of which are commonly observed symptoms in dialysis patients regardless of zinc status [52, 53] . Significant zinc deficiency may lead to clinically appreciable growth delay/failure, mental status changes and, in males, hypogonadism/oligospermia [54] . In one rare case, Parra et al. describe an adult HD patient with laboratory evidence of zinc deficiency and presentation of acrodermatitis enteropathica-like syndrome, characterized by oral lesions, alopecia, chronic diarrhea, and mental status changes; there was complete clinical resolution of the symptoms after oral zinc sulfate repletion [55] .
Selenium provides key antioxidant properties at the level of the vascular endothelium as a necessary co-factor for the enzyme glutathione peroxidase [56] . Selenium deficiency may present with progressive vascular and coronary disease, theoretically secondary to increased susceptibility to oxidant stress in the dialysis population. Clinical signs of low selenium stores may also include macrocytosis and loss of hair and skin pigmentation. Severe deficiency leads to a nutritional cardiomyopathy (BKeshan disease^) and may accelerate the development of neurodegenerative disease [57, 58] . Adequate selenium stores are required for deiodinase conversion of triiodothyronine (T3) to thyroxine (T4) in normal thyroid hormone metabolism. Data support the correlation between selenium deficiency in adult HD patients and the development of euthyroid sick syndrome [59] .
A summary of clinical symptoms associated with deficiency presentation, risk factors for deficiency, suggested diagnostic tests to confirm deficiency, and guidelines for repletion in the general (non-ESRD) pediatric population is provided in Tables 3 and 4 .
Clearance of vitamins and trace elements by dialysis modality
Dialysis may result in depletion of substances that are present within the body but not present within the dialysate (e.g., water-soluble vitamins and/or certain trace elements). Filtration-based modalities of dialysis (e.g., HD and CRRT) provide clearance by allowing the equilibration of plasma water and dialysate across a semi-permeable membrane. In comparison to HD, PD patients are exposed to much lower dialysate volumes, but they may experience higher peritoneal protein losses leading to excessive loss of protein-bound trace elements [60] . Thiamine (B1) Children:10-25 mg/day parenterally × 1-2 week., followed by 5 mg orally for 6 weeks [90] Pyridoxine (B6) 5-25 mg/day of oral pyridoxine × 3 weeks, followed by 2.5-5 mg/day orally via multivitami supplementation Folate (B9) Deficiency in infants: 0.1 mg/kg/day oral administration daily Deficiency in children: 1.0 mg oral administration daily, followed by 0.1-0.5 mg daily maintenance dosing.
Vitamin C 100 mg orally, intramuscularly, or intravenously 3× per day × 1 week, followed by 100 mg daily [91] 
Zinc
Supplementation trial with 1 mg/kg; can increase to 2 mg/kg twice to three times daily [92] Selenium 2 mcg/kg/day intravenous selenium for repletion, followed by 1 mcg/kg/day as maintenance therapy for goal of serum level of 50-150 mcg/L [93] a Dosing not otherwise established in pediatric chronic kidney disease/ end-stage renal disease
Hemodialysis
The loss of water-soluble vitamins to the dialysate is a wellrecognized phenomenon in the chronic HD patient [3] . The molecular weights of serum thiamine, pyridoxine, and folate are in the small to middle molecule range of 135-1400 Da, which are cleared readily with both high-flux and low-flux dialyzer membranes [61] . While thiamine is cleared via HD more effectively than via PD [62, 63] , thiamine deficiency is a known, rare complication in patients on both modalities [32, 64] . Pyridoxine deficiency is common in the adult HD population [65] , but the role of the dialyzer membrane (e.g., high flux vs. low flux), if any, in the removal of pyridoxine to the ultrafiltrate, particularly given that pyridoxine is a protein-bound molecule, remains unclear [61, 66] . Conversely, the risk for folic acid deficiency may be directly impacted by use of a high-flux dialyzer membrane. Plasma folic acid levels may decrease by approximately 26% during a single maintenance HD session in adults [67] , with evidence of reduction in both plasma folate and red blood cell folate concentrations using high-flux polysulfone dialyzers.
Vitamin C deficiency has been documented as a complication of both HD and PD in adult patient populations [68, 69] . Vitamin C is a non-protein bound molecule with a small molecular weight and is highly dialyzable. HD is estimated to remove several hundred milligrams of vitamin C per session [70, 71] , thereby reducing plasma ascorbic acid levels by 30-50% [20, 72] . As mentioned earlier, this degree of clearance may not be sufficient to prevent toxicity if the patient is receiving vitamin C well in excess of DRI.
Extended-hours home HD is offered at some select pediatric dialysis centers. This therapy option provides the dialysis patient a longer filtration-based treatment over several total treatments per week (e.g., 3 hours per session, 5 to 6 times per week). Limited data suggest that adult nocturnal HD may be associated with a higher risk of deficiency of water-soluble vitamins, specifically thiamine and vitamin C, when >15 hours per week of therapy are provided compared to conventional HD therapy [73] .
Zinc deficiency is of particular concern in the maintenance HD population secondary to declining dietary intake, with the progression of renal disease coinciding with dialysate zinc losses on maintenance HD [74, 75] . In a meta-analysis of 128 studies, Tonelli et al. demonstrated that serum levels of zinc were significantly lower in adult HD patients on maintenance therapy [76] . Zinc may be removed by HD at a higher rate than other trace elements due to its lack of protein binding [62] .
Selenium levels, similar to those of zinc, have been cited as deficient in the adult chronic HD population [76] ; however, data are conflicting as to whether lower plasma selenium levels in patients on HD may be more reflective of nutritional status and/or increased inflammatory responses and oxidative stress rather than increased selenium clearance per se [77, 78] .
Peritoneal dialysis
There can be significant losses of pyridoxine and folic acid through PD [79, 80] . Pyridoxine may be more readily cleared than folic acid due to the former's increased propensity for protein binding compared to folic acid [15] . CAPD is unlikely to result in significant clearance of thiamine [81] . Adult data suggest that there is high clearance of vitamin C into peritoneal dialysate and that more intensive dialysis regimens may result in greater dialysate vitamin C losses [82] .
Less information is available regarding the removal of trace elements by PD compared to the removal of water-soluble vitamins. The loss of selenium and zinc in patients on PD do not appear to be significant [83] .
Continuous renal replacement therapy
In addition to the maintenance HD and PD populations, acutely ill patients requiring support with high-clearance/high-flow modalities such as CRRT are at risk for depletion of watersoluble vitamins. Thus, although this form of acute RRT is in contrast to the maintenance forms discussed above, it does require brief mention here. Limited data exist to support strategies for targeted supplementation and repletion of trace elements in the adult critical care population while receiving CRRT; however, there are no similar guidelines for children. Broadly speaking, micronutrients lost during CRRT should be replaced as indicated.
Studies in adult patients demonstrate the removal of 68 mg vitamin C and 290 μg folic acid per day by CRRT [84] . Pediatric patients on CRRT may be at risk for decreased serum folate levels despite positive daily folate balances, suggesting that standard pediatric folate supplementation may not be adequate when the patient is on therapies such as CRRT [85] . Prolonged CRRT can result in thiamine losses of approximately 4 mg/24 h in critically ill adults with the potential for acute thiamine depletion despite standard daily parenteral nutrition provision. Thus, additional thiamine supplementation could be considered in the critically ill patient (both pediatric and adult) on CRRT [12, 86] .
Pasko et al. [87] reviewed records of five pediatric patients on CRRT and demonstrated minimal trans-membrane losses of chromium, copper, manganese, and zinc. These data suggest that pediatric patients on short-term CRRT who are receiving supplementation with trace elements via standard parenteral nutrition do not experience clinically significant losses of most trace elements, even at higher effluent rates of 60 mL/min per 1.73 m 2 [87, 88] . Selenium is most at risk for depletion despite supplementation at standard amounts in critically ill patients [12] ; thus additional daily parenteral selenium supplementation may be warranted for those on CRRT [89] .
Conclusion
Clinically symptomatic forms of nutrient deficiency are infrequently reported in pediatric maintenance dialysis patients, but it is critical that consideration be given to the possibility of key vitamin and trace element depletion in the dialysis patient with routine nutritional assessment. Such consideration is particularly important in the patient with an acute on chronic medical illness who may have suboptimal enteral nutrition or additional risk factors for pre-existing nutritional deficiencies. Ultimately, the diagnosis of vitamin and trace element deficiency in the pediatric dialysis patient may be made only after severe deficiencies present clinically.
A multidisciplinary approach to care, including routine assessment by a skilled renal dietician, is essential in screening for nutritional diseases arising from vitamin and trace element deficiency. Nutritional illness should be considered in the differential diagnoses for the many variable clinical symptoms that arise in the pediatric dialysis population. Knowledge of the signs and symptoms associated with subtle nutritional deficiencies will allow for early evaluation, diagnosis, and treatment of these potentially critical and correctable conditions.
Summary points
1. Symptoms of water-soluble vitamin and trace element deficiency may be confused with pre-existing/evolving symptoms of ESRD. Consideration to underlying nutritional deficiency should be given to those patients who are unable to tolerate full enteral nutrition or who are dependent on parenteral nutrition for prolonged periods of time. 2. Thiamine (vitamin B1) is a key water-soluble vitamin that is cleared more readily by HD than PD. The risk for thiamine deficiency is highest in critically ill dialysis patients (particularly those requiring HD or CRRT) with preexistent malnutrition as these are the patients requiring long-term, high-carbohydrate, parenteral nutrition. 3. Vitamin C is cleared by both HD and PD. Adult data demonstrate a tendency for low vitamin C levels, particularly in the maintenance HD population; however, pediatric data suggest that vitamin C intake in children with ESRD may be adequate if the child is receiving appropriate, well-tolerated enteral nutrition in combination with water-soluble vitamin supplementation. 4. Zinc levels are more likely to be lower in the maintenance HD population given that zinc is a non-protein bound element and may be more readily removed by filtrationbased dialysis methods. Zinc deficiency is an independent risk factor for hospitalization and overall mortality in the dialysis population.
5.
Patients on maintenance HD and prolonged CRRT may be at risk for lower selenium levels. Significant selenium depletion can lead to nutritional cardiomyopathy and thyroid disease.
Multiple choice questions (answers are provided in article backmatter)
1. Which of the following statements most accurately describes the role of thiamine in normal homeostasis?
a) Thiamine is a coenzyme for the conversion of pyruvate to acetyl coenzyme A, and the deficiency of thiamine leads to accumulation of pyruvate with metabolization to lactate. b) Thiamine is a water-soluble vitamin required for the enzyme transketolase in the pentose phosphate pathway. c) Risk for thiamine depletion is highest in those patients on filtration-based methods of dialysis receiving primarily parenteral nutrition with high-carbohydrate nutrition sources. d) The majority of thiamine stores are present in the body as thiamine pyrophosphate. e) All of the above. 2. Which of the following statements regarding ascorbic acid (vitamin C) are true?
a) Vitamin C is required as a critical co-factor for prolylhydroxylase and lysyl-hydroxylase in the synthesis of elastin. b) Vitamin C potentiates free radical events and augments endothelial dysfunction at the level of the vascular endothelium. c) Vitamin C deficiency may manifest with symptoms of scurvy-specifically long bone changes, gingival hyperplasia and bleeding, and perifollicular hemorrhage. d) Vitamin C is not removed via PD or HD, but rather deficiency is thought to be exclusively secondary to dietary restrictions in the ESRD population, particularly potassium-laden fruits. e) Vitamin C can freely be supplemented at >100% of the DRI value given that there are no systemic sequelae from over-supplementation in the ESRD population. a) Prolonged CRRT may increase the risk for significant selenium depletion. b) Selenium removal is significant from PD and requires additional supplementation exceeding the DRI. c) Serum selenium levels are high in the adult maintenance HD population compared to non-dialysis patients and may be reflective of poor clearance during dialysis. d) Selenium deficiency has no clinical impact on secondary systemic outcomes (e.g., cardiovascular or endocrine) in the dialysis population. e) Soy-based formulas are preferred for children on dialysis as these provide increased selenium compared to cow's milk formula.
